IMPORTANCE Visual assessment of amyloid positron emission tomographic (PET) images has been approved by regulatory authorities for clinical use. Several immunoassays have been developed to measure β-amyloid (Aβ) 42 in cerebrospinal fluid (CSF). The agreement between CSF Aβ42 measures from different immunoassays and visual PET readings may influence the use of CSF biomarkers and/or amyloid PET assessment in clinical practice and trials.
C erebrospinal fluid (CSF) β-amyloid (Aβ) 42 and amyloid positron emission tomography (PET) have proved to have high diagnostic accuracy for Alzheimer disease (AD) years before the onset of clinical symptoms and are becoming an important part of the diagnostic workup. 1 Both biomarkers have shown correlations with postmortem plaque measurements, [2] [3] [4] [5] and previous studies have indicated 80%
to 90% agreement between CSF Aβ42 values and quantitative amyloid PET data. [6] [7] [8] For most immunoassays, the concordance between the 2 biomarker modalities is further improved with the CSF Aβ42:Aβ40 ratio (compared with CSF Aβ42 level alone), probably because the ratio corrects for (1) interindividual variability in the overall Aβ production; (2) interindividual variability in the CSF turnover; (3) changes in global levels of all Aβ isoforms owing to non-AD-related abnormal findings, such as white matter lesions; and (4) variability owing to preanalytical factors.
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Several enzyme-linked immunosorbent assays (ELISAs) are commonly used for measurements of Aβ42 levels in CSF. In general, the precision of an immunoassay may be compromised by matrix interference when endogenous biological factors in the sample interact with the analyte of interest or nonspecifically bind to antibodies. Matrix interference affecting Aβ42 quantification has been reported for the initially developed INNOTEST Aβ42 assay 12 but seems to be minimized in the newer Aβ immunoassays from EUROIMMUN, Fujirebio, Meso Scale Discovery, and Roche. [13] [14] [15] A recent study suggested that the diagnostic accuracy of CSF Aβ biomarkers may vary depending on the assays used. 16 More specifically, CSF Aβ42 measured with the classic INNOTEST (Fujirebio) kit 17 performed better in distinguishing patients with early-stage AD from cognitively healthy control individuals than one of the newer immunoassays. At same time, using the CSF Aβ42:Aβ40 ratio improved the diagnostic accuracy of the newer EUROIMMUN (EI; EUROIMMUN) Aβ42 assay but not the classic Aβ42 INNOTEST assay. 16 Another report 9 demonstrated higher concordance between quantitative amyloid PET and the Aβ42: Aβ40 ratio compared with CSF Aβ42 level alone for the EI and Meso Scale Discovery (MSD; Meso Scale Discovery) assays. In most of the studies that have compared amyloid PET with CSF Aβ42 levels, the quantification of regional and global amyloid PET ligand binding has used semiquantitative image assessments of standardized uptake value ratio (SUVR). In clinical practice, however, the standard approved by regulatory authorities is visual classification of scans on a binary scale as positive or negative for amyloid, with a negative finding indicating that AD is unlikely. Visual readings of PET images agree with PET SUVR values and with brain amyloid burden at autopsy. 18, 19 Nevertheless, concordance between the visual reading of PET and CSF Aβ42 measures from different immunoassays has not been established and may influence the use of amyloid PET and/or CSF analysis in clinical practice and trials. In the present study, we investigated the agreement between visual amyloid PET analysis and CSF Aβ42 measured using 5 different Aβ42 immunoassays or protocols (INNOTEST Aβ1-42 classical procedure, INNOTEST Aβ1-42 modified procedure, fully automated Lumipulse [FL; Fujirebio] , EI . For each of the 5 Aβ42 immunoassays, the performance of Aβ42 and the Aβ42: Aβ40, Aβ42 to total tau (T-tau), and Aβ42 to phosphorylated tau (P-tau) ratios were determined using visual assessment of flutemetamol F 18-labeled PET images as the criterion standard. Furthermore, an important advancement in the CSF biomarker field was the recent development of a mass spectrometry-based reference measurement procedure (RMP), 20 which allows antibody-independent quantification of absolute CSF concentration of Aβ42 with high accuracy and is now considered to be the criterion standard method for CSF Aβ42 measurement. 1 However, implementation of mass spectrometry in routine clinical laboratories is challenging owing to the complexity of the technology, the need for in-house method development and validation and personal training, and high costs. Herein, we explored correlation between CSF levels of amyloid biomarkers analyzed using immunoassays and antibody-independent mass spectrometrybased RMP.
Methods

Study Participants
The study population included 262 patients with mild cognitive impairment or subjective cognitive decline and no dementia from the prospective and longitudinal Swedish BioFINDER (Biomarkers for Identifying Neurodegenerative Disorders Early and Reliably) cohort (http://www.biofinder.se) who had undergone [ 18 F]flutemetamol PET evaluation from September 1, 2010 , through December 31, 2014 . The diagnostic criteria and cohort characteristics are described in the eMethods and eTable 1 in the Supplement. The study was approved by the Regional Ethical Review Board in Lund, Sweden, and all study participants gave written informed consent to participate in the study.
CSF Sampling and Analysis
The procedure and analysis of CSF samples were conducted according to the Alzheimer Association Flowchart for CSF biomarkers. 21 Lumbar CSF samples were collected at 3 memory clinics at the Skåne University Hospital in Lund and Malmö and Ängelholm Hospital in Sweden and analyzed according to a standardized protocol.
We measured CSF Aβ42 levels using the EI Aβ1-42 and MSD AβN-42 according to the manufacturer's instructions. We also measured CSF Aβ42 with the INNOTEST kit (Fujirebio). For the latter assay, the classic procedure 17 as described in the product's package insert and a modified procedure that minimizes matrix interference effects were applied. 15 The modifications included (1) dilution of conjugate 1 in conjugate diluent at 1:10 (classic procedure, 1:100 dilution), (2) addition of only 10 μL of samples or standards to the plate (classic procedure, 25 μL of samples or standards), and (3) incubation of samples or standards for 3 hours (classic procedure, 1 hour incubation). In addition, CSF concentrations of Aβ42 were determined using the fully automated FL assay, which is based on the modified INNOTEST procedure. We analyzed CSF Aβ40 levels with kits from Fujirebio (INNOTEST Aβ1-40), EI (Aβ1-40), and MSD (AβN-40) according to the manufacturer's instructions, and the ratios with the corresponding CSF Aβ42 values (Aβ42:Aβ40) were calculated. We used the MSD electorchemiluminescence assay (Vplex; MSD) for multiplex detection of Aβ42, Aβ40, and Aβ38 levels. Cerebrospinal fluid Ttau and P-tau(181P) were quantified using EUROIMMUN and INNOTEST ELISA kits, respectively. These tau values and Aβ42 values from 5 different assays (classic INNOTEST, modified INNOTEST, FL, EI, and MSD) were used for the calculations of the CSF Aβ42:tau ratios. Increasing concentrations of recombinant Aβ40 peptide (1-40 ng/mL) (rPeptide; Bogart) were added to 2 CSF samples with low and high Aβ42 concentrations. We measured Aβ42 levels in spiked samples using the classic and modified INNOTEST procedures and MSD assays. Finally, an antibodyindependent mass spectrometry-based method was used to assess CSF concentrations of Aβ42 20 using an RMP (Joint ]flutemetamol PET data disagreed in 25 cases (9.5%), of which 22 (8.4%) were Aβ positive based on the SUVR cutoff but Aβ negative based on visual analysis ( Figure 1A ).
Visual Aβ PET vs CSF AD Biomarker Assessments
We investigated how accurately CSF Aβ42 levels could predict visual [ 18 F]flutemetamol PET assessment when using the commercially available classic Aβ42-INNOTEST assay or the newer modified Aβ42-INNOTEST, Aβ42-EI, and Aβ42-MSD asssays. The results of ROC curve analysis are shown in Table 2 and eTable 2 in the Supplement. We found that classic Aβ42-INNOTEST was more accurate than the newer assays (modified Aβ42-INNOTEST, Aβ42-EI, and Aβ42-MSD) in distinguishing individuals with normal and abnormal visual readings ( Figure 1B ). Next, we studied whether the Aβ42:Aβ40, Aβ42:T-tau, or Aβ42:P-tau ratios improved the accuracy of the 4 assays. For the classic Aβ42-INNOTEST, only the Aβ42:P-tau but not the Aβ42:Aβ40 or the Aβ42:T-tau ratios exhibited a significantly higher AUC than Aβ42 alone in predicting visual classification of [ 18 F]flutemetamol PET ( Table 2 , eTable 2 in the Supplement, and Figure 1C ). For all the newer assays (modified Aβ42-INNOTEST, Aβ42-EI, and Aβ42-MSD), all 3 ratios (ie, Aβ42:Aβ40, Aβ42:T-tau, and Aβ42:P-tau) were comparable and significantly more accurate than Aβ42 levels alone ( Table 2 , eTable 2 in the Supplement, and Figure 1D -F). The results for the Aβ42-FL assay were comparable to those of the modified Aβ42-INNOTEST assay and are shown in eFigure 1 in the Supplement. Furthermore, using logistic regression analysis, we found that a combination of the Aβ42:Aβ40 ratio and T-tau (AUCs, 0.92-0.95) or P-tau (AUCs, 0.92-0.93) for any of the 4 Aβ42 assays did not have better concordance with visual [ 18 F]flutemetamol PET classification than the Aβ42:Aβ40 ratio alone (AUCs, 0.92-0.95; P > .14 when comparing the AUC of 2 ROC curves). The performance of T-tau and P-tau was similar in all the statistical tests and, therefore, only data for P-tau are presented hereinafter.
Cutoff for the Different Immunoassays
The Aβ42 levels in CSF are most often bimodally distributed, 28 and more reliable cutoffs likely can be derived when biomarker levels show 2 clearly distinct populations. the Aβ42 measurement alone when using the modified Aβ42-INNOTEST, Aβ42-EI, and Aβ42-MSD assays (Figure 2D -F, G-I, and J-L). This effect was less pronounced for the classic Aβ42-INNOTEST assay (Figure 2A-C) . The cutoffs for each biomarker were determined based on the Youden J index in which visual read of [
18 F]flutemetamol PET was used as the outcome. Mixture modeling, which is independent of the standard of truth (ie, PET imaging results), produced similar cutoff values (Table 2) . Analytical imprecision and withinparticipant variability may increase the risk for misclassification, especially when sensitivity and/or specificity markedly decrease around cutoff points. In our study, the trends for sensitivity and/or specificity near the cutoff points appeared to be less steep for the Aβ42:Aβ40 and Aβ42:P-tau ratios than for Aβ42 levels alone when Aβ42 was measured using the newer assays (modified Aβ42-INNOTEST, Aβ42-EI, or Aβ42-MSD) (eFigure 2B-D, F-H, and J-L in the Supplement), but this was not the case for the classic Aβ42-INNOTEST assay (eFigure 2A, E, and I in the Supplement).
To further assess the concordance between CSF biomarkers and visual PET assessment in terms of classification performance, we dichotomized CSF Aβ variables into abnormal (CSF Aβ-positive) and normal (CSF Aβ-negative) values based on the optimal cutoff points corresponding to the highest Youden J indices. and consisted of mainly CSF Aβ42-positive and visual PETnegative cases (eTable 3 in the Supplement). However, the number of discordant cases for the newer assays (modified Aβ42-INNOTEST, Aβ42-EI, and Aβ42-MSD) was reduced significantly when using the Aβ42:Aβ40 or Aβ42:P-tau ratios (eTable 3 in the Supplement). As shown in Figure 3 , using cutoffs obtained from the 2 ratios (Aβ42:Aβ40 or Aβ42:P-tau) resulted in better separation of visual PET-positive and -negative cases than CSF Aβ42 levels alone, and the ratios mainly reduced the number of cases in the discordant group that were positive for CSF Aβ42 and negative for visual PET findings (eTable 3 in the Supplement). The results were similar for CSF biomarkers measured using antibody-independent mass spectrometry-based RMP and quantitative PET assessment (eResults and eFigure 3 in the Supplement).
Spiking of CSF Samples With Aβ40
Addition of recombinant Aβ1-40 peptide to CSF samples caused a spike level-dependent decrease in measured CSF Aβ42 concentrations by as much as 62% when measured using the classic INNOTEST assay (eFigure 4A and D in the Supplement). In contrast, no differences in Aβ42 concentrations were observed when the samples were analyzed using the newer modified INNOTEST procedure (eFigure 4B and E in the Supplement) and MSD assay (eFigure 4C and F in the Supplement).
Discussion
In this study, we showed that the new modified Aβ42-INNOTEST, Aβ42-FL, Aβ42-EI, and Aβ42-MSD assays correlated better with Aβ42 values obtained with antibodyindependent mass spectrometry-based RMP compared with the classic Aβ42-INNOTEST assay. The classic Aβ42-INNOTEST instead correlated better with the Aβ42:Aβ40 ratio obtained with mass spectrometry-based RMP compared with the other Aβ42 assays, a phenomenon that might be explained by the fact that the signal in the classic Aβ42-INNOTEST assay is somewhat quenched by Aβ40 levels. Of interest, the classic Aβ42-INNOTEST assay had a higher accuracy to predict visual PET assessment outcome compared with the newer modified Aβ42-INNOTEST, Aβ42-FL, Aβ42-EI, and Aβ42-MSD immunoassays. However, the CSF Aβ42:Aβ40 ratios from these assays performed better than the corresponding Aβ42 levels alone and had comparable performance to the classic Aβ42-INNOTEST level. The accuracy of the classic Aβ42-INNOTEST assay did not improve by using the Aβ42:Aβ40 ratio. For all the Aβ42 assays, the addition of T-tau and P-tau to Aβ42:Aβ40 did not improve the ability to predict cortical Aβ accumulation compared with the Aβ42: Aβ40 ratios alone.
The INNOTEST ELISA is one of the most extensively used assays for assessment of Aβ42 levels in CSF. However, this assay is limited by the matrix interference that may lead to inaccurate estimates of Aβ42 concentrations. 12 The matrix effects are reduced in the newer assays (modified INNOTEST, FL, EI, and MSD), which are based on the analysis of diluted CSF samples. 13-15 Accordingly, we found that CSF concentrations of Aβ42 derived from antibody-independent mass spectrometry procedure matched better with the data from the newer assays than the classic INNOTEST assay. Visual rating is the only approved procedure for assessment of amyloid PET scans in the clinic and when selecting AD cases for clinical trials.
1 Although quantitative approaches provide more informative data that might be critical for investigating longitudinal changes in amyloid burden and treatment effects, the concordance between visual and quantitative methods for establishing amyloid status is very high. Similar to previous studies, 19, 30 we found that only 25 cases (9.5%)
were discordant according to visual and quantitative PET analysis with very good intermethod agreement (Cohen κ = 0.81). Most discordant cases were found in individuals who had been classified as amyloid negative by the visual analysis but as amyloid positive by SUVR analysis, demonstrating that visual analysis is more conservative than SUVR analysis; this finding is consistent with those of previous studies.
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Cerebrospinal fluid Aβ42 is a biomarker of amyloid deposition that is often used interchangeably or in combination with PET imaging in the diagnostic workup in the clinic or in clinical trials. 1 The agreement between CSF Aβ42 and quantitative amyloid PET data has ranged from 80% to 90%, [6] [7] [8] and this agreement might be improved by using the Aβ42:Aβ40 or Aβ42:tau ratios. 9,10,31 However, for implementation of CSF AD biomarkers (Aβ42 level, Aβ42:Aβ40 ratio, and/or Aβ42:tau ratio) in routine clinical practice, establishing the concordance with the clinically approved visual amyloid PET ratings, and studying whether the concordance rate is affected by the choice of the immunoassay for CSF Aβ42 measurements are important. Herein, we showed that newer Aβ42-EI and Aβ42-MSD assays have similar performance with respect to association of visual read outcome and exhibit acceptable accuracy with visual [
18 F]flutemetamol PET status when using the Aβ42:Aβ40 ratio. With the classic INNOTEST assay, the AUC for Aβ42 alone was close to the Aβ42:Aβ40 ratios from the EI and MSD assays and did not increase any further when the classic INNOTEST Aβ42:Aβ40 ratio was used. The modification of the classic INNOTEST assay, which improved the correlation with mass spectrometry-based RMP Aβ42 values, resulted in decreased accuracy of Aβ42 levels alone but improved performance for the Aβ42:Aβ40 ratio, as was the case for other Aβ42 assays evaluated herein. These results could in part be explained by our spiking data, which suggested that Aβ42 concentrations obtained using the classic INNOTEST were influenced by Aβ1-40 and that in individuals with higher CSF levels of Aβ1-40, these effects might be more pronounced, resulting in a lower signal. Further analysis revealed that the CSF Aβ42:Aβ40 ratios from the newer immunoassays (modified INNOTEST, EI, and MSD) had a more pronounced bimodal distribution allowing improved separation of [ 18 F]flutemetamol PET-positive and -negative populations compared with CSF Aβ42 levels alone. Moreover, compared with Aβ42 levels alone, the rate of decrease in sensitivity and specificity values around the cutoff points was less steep when using the Aβ42:Aβ40 ratios. However, we did not observe differences in the distributions and behavior of sensitivity and specificity values near cutoff between Aβ42 level and Aβ42:Aβ40 ratio for the classic INNOTEST assay. These results indicate that the Aβ42:Aβ40 ratio cutoffs for the new assays (modified INNOTEST, EI, and MSD) may be more reliable in terms of performance that is more robust with respect to small changes in cutoff values. In agreement with our findings, the CSF Aβ42:Aβ40 ratio has also been shown to provide a better prediction of prodromal AD compared with Aβ42 level alone when using the Aβ42-EI and Aβ42-MSD assays but not the classic Aβ42-INNOTEST or xMAP AlzBio3 (Fujirebio) assays.
16,32
In the present study, the Aβ42:tau ratios were better predictors of visual [ 18 F]flutemetamol PET classification than were Aβ42 levels alone. However, we did not observe improved accuracy when the Aβ42:Aβ40 ratios were combined with T-tau or P-tau compared with the Aβ42:Aβ40 ratios alone. Biochemical mechanisms underlying the better performance of the Aβ42:Aβ40 and Aβ42:tau ratios are not known. Interindividual variability in the production of CSF, the production and secretions of proteins by neurons such as Aβ and tau, and preanalytical factors may affect the accuracy of CSF Aβ42 levels in predicting amyloid status. Although all these effects could be partly compensated by using the ratios to Aβ40 or tau, at present, which of the mechanisms are mainly responsible for the better performance of the ratios and whether these mechanisms differ for ratios to Aβ40 or tau remain unclear. For example, some data suggest that CSF levels of tau are less affected by preanalytical factors than Aβ peptides. [33] [34] [35] Consequently, variations in preanalytical handling should in theory be better compensated for by using Aβ42:Aβ40 ratios 11 than Aβ42:tau ratios, suggesting that the Aβ42:Aβ40 ratios might be more useful in clinical practice as well as for tracking the emergence of amyloid deposition in longitudinal studies.
Limitations
One limitation that could have possibly influenced the result of the present study is that PET images were assessed by a single rater. However, this is unlikely considering that the findings were the same for quantitative measures (SUVR) of amyloid PET.
Conclusions
We showed that the newer Aβ42 assays (modified INNOTEST, EI, and MSD) correlated better with the antibody-free RMP than did the classic INNOTEST assay, possibly because the signal in the classic INNOTEST assay is partly quenched by Aβ1-40. However, the accuracy to correlate with visual [
18 F]flutemetamol PET status was decreased in the newer Aβ42 assays, a limitation that is overcome by using a Aβ42:Aβ40 or Aβ42:tau ratios. The CSF Aβ42:Aβ40 or Aβ42:tau ratios from the newer assays showed improved accuracy for detection of cortical Aβ fibrils as measured by PET. Moreover, the sensitivities and specificities of these newer assays were less influenced by moderate changes in the cutoffs when Aβ42:Aβ40 or Aβ42:tau ratios were used, a finding that is important when samples will be analyzed consecutively over time. The precision of the Aβ42:Aβ40 ratios in differentiating [ 18 F]flutemetamol PET-positive and -negative visual reads did not improve further when combined with T-tau or P-tau values. Thus, our study provides a comprehensive overview of the correlation of the performance of CSF biomarkers across different immunoassays with amyloid PET status, which may influence the selection of immunoassays and biomarkers in future studies. Furthermore, our findings support implementation of the CSF Aβ42:Aβ40 and/or the Aβ42:tau ratios as biomarkers of amyloid deposition in clinical practice. 
Participants
The study population included 262 patients with mild cognitive complaints from the prospective and longitudinal Swedish BioFINDER cohort (www.biofinder.se) who had undergone [ 18 F]flutemetamol PET evaluation. The patients were referred for assessment of their cognitive complaints and were recruited between 2010 and 2014. They were thoroughly assessed for their cognitive complaints by physicians with special interest in dementia disorders. The inclusion criteria were: 1) cognitive symptoms; 2) not fulfilling the criteria for dementia; 3) a Mini-Mental State Examination (MMSE) score of 24 -30 points; 4) age 60 -80 years; and 5) fluent in Swedish. The exclusion criteria were: 1) cognitive impairment that without doubt could be explained by another condition (other than prodromal dementias); 2) severe somatic disease; and 3) refusing lumbar puncture or neuropsychological investigation. These criteria resulted in a clinically relevant population where 47% were classified as subjective cognitive decline (SCD), 40% as amnestic MCI, and 11% as non-amnestic MCI. The classification was based on a neuropsychological battery assessing the cognitive domains of verbal ability, visuospatial construction, episodic memory, and executive functions and the clinical assessment by a senior neuropsychologist. The characteristics of the study participants are given in eTable 1. 18 F]flutemetamol was manufactured at the radiopharmaceutical production site in Risø, Denmark, using a FASTlab synthesizer module (GE Healthcare, Cleveland, OH). Subjects received a single dose of [
18 F]flutemetamol according to a method described previously. 1 PET/CT scanning of the brain was conducted at two sites using the same type of scanner (Gemini, Philips Healthcare, Best, the Netherlands).
[
18 F]flutemetamol scans were rated by a board-certified neuroradiologist who had successfully completed a training programme provided by GE. Images were designated as PET positive or negative. The rater was blinded to all clinical characteristics of the study participants. In addition, sum images (from 90-110 min post injection) were analyzed using the software NeuroMarQ (GE Healthcare, Cleveland, OH, USA). [ 18 F]flutemetamol activity was quantified with a previously described fully automated PET-only method that uses an adaptive template for handling different uptake patterns in negative and positive [18F]flutemetamol images. 2 [ 18 F]flutemetamol images were spatially normalized to Montreal Neurological Institute template space using the adaptive template method. A volume of interest (VOI) template was applied for the following 9 bilateral regions: prefrontal, parietal, lateral temporal, medial temporal, sensorimotor, occipital, anterior cingulate, posterior cingulate/precuneus, and a global neocortical composite region. 2 The standardized uptake value ratio (SUVR) was defined as the uptake in a VOI normalized for the cerebellar cortex uptake. We used [18F]flutemetamol SUVR cutoff >1.42 for abnormally increased A deposition. This cutoff was established in our previous study based on the same [ MS ratio performed significantly better than A 42 (p=0.004 when comparing AUCs of the two ROC curves using DeLong test). The optimal cutoff for A 42 MS was 741 pg/ml (sensitivity 87%, specificity 75%, Youden's index 0.62) and for A 42/A 40 MS 0.07 (sensitivity 97%, specificity 90%, Youden's index 0.87). The number of cases with discordant CSF A status compared to visual PET assessments was higher for A 42 MS (n=20, 20%) than for A 42/A 40 MS (n=7, 7%) and consisted mainly of CSF A 42-positive and visual PET-negative cases (eTable 2).
eFigure 1. CSF AD Biomarkers as Predictors of Amyloid PET Status According to Visual Analysis
CSF A 42 was analyzed with fully automated Lumipulse assay from Fujirebio. CSF A 40, T-tau, and P-tau were measured as described in the materials and methods. ROC curves were generated for A 42, the A 42/A 40, the A 42/T-tau, and the A 42/P-tau ratios to determine their accuracy in differentiating PET PET A -negative (n=149) and A -positive (n=113) visual readings. AUC, area under the curve; FL, Fujirebio Lumipulse.
